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INTRODUCTION — 


The U.S. Marine Corps is supporting an effort to increase the ae 
efficiency of waterjet propulsion units in existing amphibious vehicles. 
Reference 1 details the design of three axial-flow pumps, including one for ee 
an existing LVTP-7A1 which runs at speeds below 8 miles per hour. The other = 
two pumps were designed to provide cavitation-free performance at propulsive 
coefficients in the region of. 40.to 45 percent at a vehicle water speed of 
20 mph. State-of-the art composite material technology was used wherever 
possible to reduce weight. 

Next, a manned testcraft was constructed to evaluate a 14-ineh 
diameter waterjet unit at vehicle speeds up to 25 mph in water. Reference 2 = 
presents an analysis of initial trials conducted in August 1983. 

A more comprehensive trial of the testcraft was run in July 1984 and 


test data have been reduced and analyzed. This report presents: a 


. A comparison of waterjet design predictions and July 1984 7 
trial results. : 
. A waterjet design procedure, modified as appropriate to co 
reflect trial experience. of 
. Performance estimates for a new 14-inch diameter axial- te, 
flow pump, designed for the existing testcraft. rat 
° Performance estimates for a 16-inch diameter axial-flow . 
pump unit, designed for possible use in a prototype high- Ey 
speed amphibious vehicle. ~ 
This work was performed under Office of Naval Research Contract os 


NOO014-83-C-0780. Mr. Walter Zeitfuss of the U.S. Marine Corps Program oa 
Office, Code 112 DINSRDC, was technical monitor of the project. 


PREDICTED PUMP PERFORMANCE CHARACTERISTICS 


Design procedures detailed in Reference 1 were applied to predict head 
losses in the waterjet system as follows. 
a. For inlet entrance lengths of 33, 23 and 19.5 inches 


° Head losses: at entrance; in duct; and due 
to impeller shaft. 
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b. Losses due to duct-to-casing transition, shaft bearing 
tube and struts. 


c. Losses due to friction in impeller casing. 


d. Losses in 10.5-inch and 12.25-inch exit diameter 
nozzles; losses due to drag of pitot tubes and pitot 
tube rack. 


All of these head losses were expressed as functions of flow rate Q. Total 
head loss, less inlet head recovery as a function of vehicle speed, must 
equal the pump head required Hp. A prediction of power required to drive 
the pump is: 


SHP = Hy Q 9g/550 np 


where pump efficiency n, was taken as 0.72 based on testcraft trial results. 
Appendix A presents nomenclature for this and subsequent sections. 


Appendix B contains all the calculations of pump performance predictions. 
ANALYSIS OF PUMP TEST RESULTS 


Waterjet testcraft trials in July 1984 covered an extensive matrix 
of three inlet lengths, three (nozzle dia./casing dia.) ratios, and three 
impeller area ratios. A review of trial data showed that a detailed 
analysis of the 1.5 area ratio impeller coupled with the 12.25-inch exit 
diameter nozzle and the three inlet lengths, would furnish the most useful 
results for comparison with design predictions. 

Accordingly, tabulations of performance data for the chosen impeller 
and nozzle at each of the three inlet lengths are presented on Pages C~-1 
through C-3 of Appendix C. Trends of waterjet thrust, SHP, and overall 
propulsive coefficient with testcraft speed are charted on pages C-4, 5 and 
6 respectively. Bollard pull test results for pump efficiency Np and 
impeller advance coefficient J are charted against SHP on Pages C~-7 and C-8 
respectively. The trends show that Np and J are reasonably constant with 
SHP, and therefore, Np = 0.72 and J = 0.82 were chosen for use in subsequent 
design predictions. 

Next, a tabulation was prepared to snow a comparison between 


measured bollard pull and predicted jet thrust as calculated from measured 


flow velocitv, Page C-9. A chart of measured and predicted thrust versus 


ab 
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flow rate Q shows good agreement between the two sets of thrust values, Page 
C-10. 

Inlet losses, in the bollard test condition were predicted by using 
the relationships developed in Appendix B and summarized on Page B-15. 
Predicted losses were then compared to static head measurements taken at the 
aft end of the inlet duct, for each of the three inlet lengths, Pages C-11 
through C-16. Good agreement between predicted and measured head loss in 
the three inlets is demonstrated for the bollard test condition. 

Actual head recovery in the inlet was assumed equal to the 
difference between inlet loss at forward speed and inlet loss at zero speed 
(bollard pull test) at a given flow rate Q Tabulations on Pages C-17, 18 
and 19 list measured static head at the aft end of the inlet duct during 
speed runs for each of the three inlet lengths; also listed are flow rate Q 
and craft speed. Bollard test inlet loss was then calculated by using the 
inlet loss prediction relations, Page B-15, and measured flow rate Q. Speed 
test inlet loss was determined from measured static head in the inlet. 

A chart on Page C-20 presents head recovered, Hj, versus craft speed 
Vo. Actual test values of Ho are compared to a predicted curve of Hg based 
on an assumption of a 100 percent recovery of dynamic head V?/2g. The chart 
shows that 100 percent dynamic head recovery is a reasonable assumption. 

Total pump head Hp was determined from measurements of impeller 
shaft thrust Tg Dy: 

Hp = Ts/pgA 


where casing area A = 1.087 square feet. Total pump head required was 
predicted using measured flow rate Q and vehicle speed Vo in the equations 
summarized on Page B-15. Tabulations of measured and predicted pump head 
are presented on Pages C-21, 22 and 23. A chart on Page C-24 shows good 
agreement between measured and predicted Hp: 

Shaft horsepower SHP was determined from impeller shaft torque and 
revolution measurements. An SHP prediction was obtained for each test run 
by using measured flow rate Q and predicted pump head Hp in: 

Predicted SHP = HpQp8/550np 
where a pump efficiency Np = 0.72 was chosen on the basis of bollard pull 
test results. Tabulations of Actual and Predicted SHP are given on pages C- 


25 and C-26; a chart of Predicted versus Actual SHP, Page C-27, shows 
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ea generally good agreement between the two SHP values. 
He Cavitation Inception 
"@ = 
fee This waterjet propulsion system uses a marine-type propeller as the 
: impeller of an axial flow pump. In evaluating cavitation inception limits, 
: cavitation criteria for pumps and for marine propellers were used. 
a Reference 3, for example, defines the term "net positive suction head" _ 
i or NPSH as the excess of abdsolute pressure over vapor pressure at a pump 
cs inlet, and also cites a dimensional characteristic "suction specific speed", 
a S, as a useful index of pump rating: 
" S = NYQ" / (NPSH)+75 es 
N = shaft rpm 
Q' = flow rate, gpm 
(NPSH) = net head, ft 
e For application to the waterjet system, the equation has been adapted as 7 
= follows: 
S = 21.19 NYQ/ (Hi, - Hyap)?75 
where; Q = flow rate, cu.ft/sec 
' Hi, = static head in inlet, ft abs Ss 
‘ Hyap = head equivalent of vapor pressure, ft abs 
Pages C-28 through C~30 show tabulations of S$ and impeller shaft 
r) thrust coefficient Kr for the 1.5 area ratio impeller/12.25 inch nozzle and = 


three inlet lengths. Ky is charted versus S on Page C-31. 
As shaft speed N increases, Q increases and net head at the inlet 


decreases, resulting in a large increase in S. The chart shows that: 


* Kr is essentially constant as S increases for all 
bollard pull test runs. 


° Kr gradually decreases as S increases for all 


at 


e speed runs. 


Cavitation inception would be indicated by a sharp drop in thrust 


coefficient at nigh values of S; no such drop is evident for the test 


e conditions shown. J 


a 
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Next, calculations of criteria for cavitation inception on marine 
propellers were made for all trial data (3 impellers, 3 nozzle openings, 3 


inlet lengths). Cavitation index o is usually calculated as the ratio (net 


head at propeller blade tip) / (dynamic head due to resultant tip velocity) 


However, trial results have shown that advance coefficient J is essentially 
constant over the impeller operating range, i.e. tne ratio of (axial fluid 
velocity) / (tangential tip velocity) is constant. This suggests that a 
cavitation index based on axial fluid velocity would be a useful 
simplification. 

Pages C-32 through C-34 are tabulations of thrust coefficient Kr and 
conventional cavitation index o, based on resultant tip velocity. Page C-35 
is a chart of Ky versus of for all tests of the 1.50 area ratio 
impeller/12.25 inch nozzle with three inlet lengths. Since 04 varies 
approximately as the inverse of pump specific speeds, trends of Kr as of 
decreases are similar to trends of Kr 48 S increases, Page C-31. 

Page C-36 shows tabulations of g, Kr and pump efficiency Np for 
bollard pull tests of the three impellers with a common nozzie (12.25 inch) 
and inlet length (33 inches), where o is based on axial flow velocity at the 
impeller. Ky is charted versus o on Page C-37, and Np is plotted against o 
on Page C~38. In each chart, there is a sharp drop in thrust coefficient 
and pump efficiency for the 1.0 area ratio impeller at the highest flow rate 
(lowest o), implying a possible inception of cavitation. 

Page C-39 lists inlet pressures from bollard pull tests of tnree 
impellers combined with a 33-inch inlet length and selected nozzle openings. 
These measured pressures are plotted versus flow rate Q on Page C-40. Also 
shown is a curve of predicted inlet pressures from the equation for inlet 
head loss, Page C-15, which is in good agreement with measured pressures. 

On the basis of the cavitation criteria examined, it may be 


tentatively concluded that: 


A 1.0 area ratio impeller shows evidence of cavitation 
inception at ao below 2, whereas the two larger area 
impellers show no such evidence toaoa of about 0.75 
at the highest speed tested. 


For cavitation-free performance and highest pump 
efficiency, the 1.5 area ratio is the choice over the 
2.25 area ratio impeller. 
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Thus, attention in subsequent comparisons will be focused on the 1.5 area 
ratio impeller. 

Calculations of o, Ky, np and J are listed on pages C-41 through C-43 
for the 1.5 area ratio impeller/i2.25 inch nozzle with three inlet lengths. 
Charts of the latter three quantities versus o appear on pages C-44, C-45 
and C-46. 

While during the bollard tests all three quantities remained 
essentially constant, showing no sign of degradation with decreasing 
cavitaion number, the tests at speed showed a reduction in Kr with 
decreasing o. 

Since it was felt that this might be due to aeration of the flow into 
the pump when planing at nigh speeds, a plot of thrust coefficient against 
volume Froude number was made showing that Kr decreases as Fy increases, a 
result which tends to confirm the presence of ventilation. The data for 
this plot, shown on page C-49, are tabulated on pages C~47 and C-48, 

In any case, for volume Froude numbers corresponding to full scale 
speeds of 15-25 mph, (hump-cruise) Ky is diminished only slightly to 
approximately 85 percent of its maximum value. This degradation could be 


restored by an increase in impeller speed of only 7 or 8 percent. 
ESTIMATED PUMP PERFORMANCE CHARACTERISTICS 


This section presents a waterjet system design procedure which 
integrates practical design factors obtained during the July 1984 trials. 
The initial application is in a design of a modified i4-inch diameter axial 
flow pump which can be evaluated using the existing testcraft hull and 


engine. The following particulars and design factors were selected: 


° Inlet entrance length ~f 19.5 inches to minimize overall 
length of system, since trial results showed no 
consistent penalty associated with this shortest of the 
inlet lengths tested. 


. A nozzle with a profile as sketched on Page E-1, and an 
exit diameter of I!2 inches. 


. 100 percent recovery of dynamic head due to vehicle 
velocity. 


. Limiting values of cavitation index go ranging from 0.75 
to 1.0. 
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° Propeller characteristic estimates based on a pump 
efficiency of 0.72 and an impeller advance coefficient of 
0.82. 


Nozzle configuration and experimental data on nozzle performance were 
taken from Reference 4. The nozzle profile, Page E-1, causes a contraction 
of the waterjet beyond the nozzle mouth. This effective waterjet diameter 
and a head loss coefficient were obtained from the referenced data. 

Using the above design particulars, estimates of pump performance 


characteristics are detailed on Pages D-1 through D-14. 


ESTIMATED PERFORMANCE FOR 14 INCH DIAMETER PUMP 


Design procedures developed in the previous section nave been applied 
to predict performance of the pump system shown on Page E-1. 

The initial step was to develop curves of pump shaft horsepower for 
nominal values of flow rate and vehicle speed, Page E-4. These curves were 
then used to obtain flow rate corresponding to nominal values of shaft power 
and vehicle speed, leaaging to the construction of curves of jet thrust 
versus vehicle speed for eacn nominal shaft horsepower, Page E-9. Nominal 
values of SHP were chosen to cover the operating range of the existing 
testcraft engine. 

To avoid cavitation, flow rate is limited by a relationship with 
vehicle speed anda minimum value of cavitation index 9. This equation, 
developed on Page D-i3, was evaluated for o = 0.75 and 1.0 to yield 
cavitation-free flow rate and jet thrust. Curves of jet thrust versus 
vehicle speed for the two values of cavitation index are superposed on the 
cnart on Page E-9. The two sets of curves show clearly that at top vehicle 
speed, full engine power should be absorbed by the pump without inception of 
cavitation. 

A chart of predicted overall propulsive coefficient versus SHP, Page 
E-10 shows that a target of 40 to 45 percent propulsive efficiency can be 
achieved at a vehicle speed of 20 mph. A chart of pump rpm versus pump SHP 
predicts that full engine power can be absorbed at top vehicle speed within 


the engine shaft speed limit. 


i: oe 2 rier - 


t 
a 


ae 


4; a a ar 


. 


et 


{ . . 
6 ae nay ee IPE 


' 
in 


; 


.4@i 


ve 


R~2518 
ESTIMATED PERFORMANCE FOR 16 INCH DIAMETER PUMP 


A proposed pump for a high-speed amphibious vehicle is sketched on 
Page F-1. This 16-inch diameter pump is geometrically similar in certain 
respects to the 14-inch pump described in the previous section. Inlet 
dimensions and nozzle exit diameter have been increased by a ratio (16/14), 
but the overall length of the unit has been changed only two percent. 
Given the above similarities, performance of the 16~inch pump has been 


predicted by making the following assumptions. 


Range of craft speed V, will be identical with that used 
for 14-inch pump. 


Waterjet velocity V; and pump head Hp will be independent 
of pump diameter 


Impeller advance coefficient J = 0.82 and pump efficiency 
Ny = 0.72 as for 14-inch pump. 


Flow rate of 16-inch pump Q,, = Q,, (16/14)? 


It then follows that. 


Since SHP HpQ/np, SHP,, = SHP,, (16/14)? 


Since T;  Q (Vj - Vols Tyre = Tyiw (16/74) 


Since J V/ND = (Q/A)/ND 
or ND Q/AT 
But Q/AJ has been assumed constant 
Thus ND is constant and N,, = 14N,,/16 
These relations were applied to the 14-inch pump predictions to obtain 


performance estimates for a 16-inch pump. Calculations and charts of 


performance characteristics are detailed on Pages F-2 through F-9. 
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